The global chromatin configuration is dramatically remodeled during fertilization and early preimplantation development. Although the chromocenters, which are pericentromeric heterochromatin clusters, are observed in the nuclei of oocytes, they disappear after fertilization and then reappear at the fourcell stage. To elucidate the mechanism of this reorganization of heterochromatin, we investigated the expression and nuclear localization of DOT1L, which is involved in the regulation of heterochromatin structure through histone H3 lysine 79 (H3K79) methyltransferase activity, during preimplantation development. The Dot1L mRNA level was low at the two-cell stage. In the analysis by the immunocytochemistry, DOT1L protein was not observed in the nuclei at this stage. Microinjection of Flag-tagged Dot1L cRNA revealed that the DOT1L protein was localized in the nucleus of the embryos at the onecell and four-cell stages but not at the two-cell stage. However, C-terminus-truncated DOT1L was localized in the nucleus of two-cell-stage embryos. Expression of the truncated DOT1L caused hypermethylation on H3K79 and the formation of chromocenter-like structures at the two-cell stage. Intriguingly, the expression of catalytically inactive truncated DOT1L also caused the formation of chromocenter-like structures without an increase in H3K79 methylation. Most embryos expressing the truncated DOT1L or its inactive form were arrested at the twocell stage. These results suggest that the absence of DOT1L, which is involved in the formation of a specific configuration of heterochromatin at the two-cell stage, is essential for early preimplantation development.
INTRODUCTION
The differentiation state is dynamically changed in oocytes and embryos during fertilization and preimplantation development. The terminally differentiated oocytes are transformed into totipotent embryos after fertilization and then begin to redifferentiate at the late preimplantation stage [1] . Remodeling of chromatin configuration occurs during this period, which seems to be involved in altering the differentiation state [2] . The subnuclear distribution of pericentromeric heterochromatin changes dramatically during preimplantation development [3, 4] . Pericentromeric heterochromatin consists of a highly repeated sequence known as the major satellite [5, 6] . Major satellite repeats assemble in somatic cells to form several foci-termed chromocenters-that are densely stained with DNA-dyes, such as 4 0 ,6-diamino-2-phenylindole (DAPI) and Hoechst 33342 [7] [8] [9] . Fluorescence in situ hybridization (FISH) analysis of the major satellites revealed that their subnuclear distribution is dynamically changed during fertilization and preimplantation development. The major satellites form chromocenters in the oocytes, as are observed in somatic cells [10] . However, after fertilization, the major satellites organize ring-like structures surrounding nucleolar precursor bodies (NPBs) without forming chromocenters in one-cellstage embryos [3, 10, 11] . At the two-cell stage, the major satellites form a few chromocenters but remain organized in a ring-like structure associated with NPBs [3, 10, 11] . Subsequently, most NPBs disappear, and major satellites re-form chromocenters at the four-cell stage [10, 11] . Thus, the heterochromatin configuration is dynamically remodeled during early preimplantation development. However, the mechanism underlying this remodeling of chromatin is largely unknown.
Disruptor of telomeric silencing 1 (Dot1, also called Kmt4) and its mammalian ortholog Dot1-Like (DOT1L) catalyze the methylation of histone H3 lysine 79 (H3K79). They are the sole methyltransferase for H3K79 because deletion of Dot1 in yeasts and mice as well as its ortholog in flies causes complete disappearance of H3K79 methylation [12] [13] [14] [15] . H3K79 methylation and DOT1L act as an active chromatin marker and an active chromatin modifier, respectively [13, [16] [17] [18] . H3K79 methylation is enriched in actively transcribed regions of the genome. Moreover, DOT1L functions in the transcriptional elongation process through the interaction with elongating RNA polymerase II and various transcription factors [13, [19] [20] [21] [22] . DOT1L also plays roles in silencing constitutive heterochromatin. Dot1 was originally identified as a gene whose overexpression led to the disruption of telomeric silencing in yeast [23] . Depletion and forced expression of Dot1 causes heterochromatin abnormalities in yeast [14, 24] . In mice, deletion of DOT1L disrupts the tightly compacted state of heterochromatin in telomeres and centromeres, resulting in telomere elongation and aneuploidy [12] .
We showed previously that H3K79 is hypomethylated during early preimplantation development [25] . H3K79 methylation disappears soon after fertilization and remains at an undetectable level until the two-cell stage. After cleavage into the four-cell stage, a low level of methylation was observed but was markedly higher at the blastocyst stage. These results suggest that DOT1L is not expressed or does not act on H3K79 methylation at the one-and two-cell stages, during which a specific heterochromatin configuration is observed, as described above. Thus, DOT1L may be involved in dynamic remodeling of the chromatin configuration during preimplantation development. In the present study, we examined DOT1L expression in embryos after fertilization and the effect of ectopic expression of DOT1L on H3K79 methylation and preimplantation development.
MATERIALS AND METHODS

Collection and Culture of Oocytes and Embryos
Growing oocytes were obtained from 13-day-old female BDF1 (B6D2F1) mice (CLEA Japan Inc., Tokyo, Japan). Germinal-vesicle (GV) stage oocytes were collected from 3-wk-old BDF1 mice that had been injected with 5 IU equine chorionic gonadotropin (eCG [PMSG] ; ASKA Pharmaceutical, Tokyo, Japan). The ovaries were transferred to HEPES-buffered KSOM [26] . The ovarian follicles were punctured using a 30-gauge needle, and the cumulus cells were removed from cumulus-oocyte complexes by repeated pipetting using narrow-bore glass pipettes. IBMX (3-iso-butyl-1-methylxanthine; SigmaAldrich, St. Louis, MO) was added to the medium at 0.2 mM to inhibit spontaneous meiotic resumption and collect GV oocytes.
Unfertilized oocytes were obtained from 3-wk-old BDF1 mice that had been injected with eCG followed 48 h later by 5 IU of human chorionic gonadotropin (ASKA Pharmaceutical).
Spermatozoa were collected from mature male ICR mice (Japan SLC, Inc., Shizuoka, Japan) and were placed in human tubal fluid medium (HTF) [27] supplemented with 10 mg/ml bovine serum albumin (BSA). The unfertilized oocytes were transferred to HTF medium and then inseminated with spermatozoa that had been incubated at 388C for 2 h. The fertilized oocytes were washed and cultured in KSOM containing 3 mg/ml BSA 6 h after insemination.
All of the procedures using animals were reviewed and approved by the University of Tokyo Institutional Animal Care and Use Committee and were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals.
Immunocytochemistry
Oocytes and embryos were fixed in PBS containing 3.7% paraformaldehyde (PFA) for 1 h (to detect DOT1L) or PBS containing 3.7% PFA and 0.2% Triton X-100 for 40 min (for Flag and H3K79me2) at room temperature. They were washed in PBS containing 0.1% BSA (0.1% BSA/PBS; for DOT1L) or PBS containing 1% BSA and 0.2% Tween 20 (BSA/Tween/PBS; for Flag and H3K79me2) and then permeabilized with 0.5% Triton X-100 in PBS for 15 min (for DOT1L). After washing with 0.1% BSA/PBS or BSA/Tween/PBS, the cells were incubated with primary antibody against DOT1L (Abcam, Lake Placid, NY; catalog no. ab71337; 1:400), Flag (Sigma-Aldrich; catalog no. F7425; 1:1000), or H3K79me2 (Abcam; catalog no. ab3594; 1:1000) at 48C overnight. The primary antibodies that were bound to the cells were probed by incubating with the secondary antibodies listed bellow. FITC-conjugated antirabbit IgG antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA; catalog no. 711-095-152) or Alexa-Fluor 568-conjugated antirabbit IgG (Life Technologies Corp., Carlsbad, CA; catalog no. A10042). After washing with 0.1% BSA/PBS or BSA/Tween/PBS, the cells were mounted on a glass slide in Vectashield antibleaching solution (Vector Laboratories, Burlingame, CA) containing 3 lg/ml DAPI (Dojindo, Kumamoto, Japan). Fluorescence signals were detected using a confocal microscope LSM 5 Exciter (Carl Zeiss, Oberkochen, Germany).
Semiquantitative RT-PCR
Total RNA was isolated from 12 oocytes and embryos using ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. As an external control, 50 pg rabbit globin mRNA was added prior to total RNA isolation. Isolated RNA that was dissolved in RNase-free water was reverse transcribed using a Primescript RT-PCR kit according to the manufacturer's instructions (Takara, Ohtsu, Japan). Oligo-dT primer or random hexamer was used in the reverse transcription reaction. The amplification reaction was performed using Ex Taq DNA polymerase (Takara). The primers used in this study are listed below. The primer sequences for Dot1L and rabbit a-globin were 5 0 -CAAGAAAATGAGTGCTGCCA-3 0 (forward) and 5 0 -GAGCTGTGTGTTCTTCTCCT-3 0 (reverse) and 5 0 -GTGGGACAG GAGCTTGAAAT-3 0 (forward) and 5 0 -GCAGCCACGGTGGCGAGTAT-3 0 (reverse), respectively. PCR conditions for each primer set were as follows: for Dot1L, 958C for 2 min (hot start) and 35 cycles of 958C for 20 sec (denaturation), 608C for 30 sec (annealing), and 728C for 30 min (elongation); for rabbit a-globin, 958C for 2 min (hot start) and 24 cycles of 958C for 20 sec (denaturation), 608C for 30 sec (annealing), and 728C for 30 min (elongation). PCR products were separated on 2% agarose gels and stained with ethidium bromide. The gel image was obtained using the DT-20MP UV illuminator (ATTO, Tokyo, Japan). The intensities of the bands of PCR products on the gels were measured by image J (NIH Image).
Vector Construction
Using pEGFPC3-mDot1L vector carrying the cDNA of full-length mDot1L connected to EGFP [28] (a gift from B.C. Kone) as a template, Flag-tagged fulllength mouse DOT1L cDNA was amplified by PCR with KOD-plus-DNA polymerase (TOYOBO, Oosaka, Japan) and the primers as follows: sense and antisense primers are 5 0 -GCCGCCATGGACTACAAGGATGACGATGA CAAGCTGGGCGAGAAGCTGGAGCTG-3 0 (forward) and 5 0 -CTAAT TACCTCCAACGGTTCCGCC-3 0 (reverse), respectively. The Kozak and flag sequences were added to the N-terminus of the sense primer. The PCR product was cloned into the pCRII TOPO vector (Life Technologies).
To construct the vector encoding Flag-tagged C-terminus-truncated DOT1L (Flag-DOT1LDC; amino acids [aa] 1-416), the C-terminal sequence corresponding to aa 417-1540 was deleted by inverse PCR using PrimeSTAR MAX DNA polymerase (Takara) and the primers as follows:
0 (reverse), respectively. Inverse PCR was performed according to the manufacturer's instructions. The cDNA encoding Flag-DOT1LDC was digested with EcoRI and then subcloned into the EcoRI site of the pcDNA3.1EGFP-poly (A) [29] , thereby cutting off the EGFP cassette. The cRNA transcribed from this vector can be efficiently translated in the embryos, as the vector encodes the 3 0 -untranslated region of TBP-related factors and stretched poly (A) sequence downstream of the multicloning site.
Double alanine substitutions at Asn241 and Tyr312 in DOT1LDC were introduced by inverse PCR using PrimeSTAR Max DNA polymerase to obtain DOT1LDC catalytically inactive mutant. All inverse PCRs were performed using PrimeSTAR MAX DNA polymerase according to the manufacturer's instructions. The primer sets for double alanine substitutions were as follows: 5 0 -TTTGTGGCCAACTTTGCCTTTGGTCCT-3 0 (forward) and 5 0 -AAAGTTGGCCACAAATATAACACTCGT-3 0 (reverse) were used for the Asn241Ala introduction, and 5 0 -GTCTCCGCCTATCTGCACACCATTGAC-3 0 (forward) and 5 0 -CAGATAGGCGGAGACAGGCTTGCCAGT-3 0 were used to introduce Tyr312Ala. All constructs were verified by DNA sequencing.
In Vitro Transcription
Plasmids encoding Flag-DOT1L and Flag-DOT1LDC with/without double alanine substitution and pcDNA3.1EGFP-poly (A) were linearized with Not1 or XhoI. Using these cDNA fragments as templates, 5 0 -capped cRNA was synthesized by in vitro transcription using the mMESSAGE mMACHINE SP6 or the T7 kit (Life Technologies; AM1340 and AM1344). A poly (A) tailing kit (Life Technologies; AM1350) was used according to the manufacturer's instructions to synthesize the poly (A) tailed cRNA. The synthesized cRNAs were precipitated with the lithium chloride precipitation solution included in the kit. The precipitated cRNA was dissolved in nuclease-free water at 1 mg/ml and stored at À808C until use.
Microinjection of cRNA
Microinjection was performed on an inverted microscope (Nikon Corp., Tokyo, Japan; ECLIPSE TE300) using a micromanipulator (Narishige, Tokyo, Japan) and microinjector (Narishige; IM300). About 10 pl cRNA were microinjected into the cytoplasm of one-cell-stage embryos, which had been freed from the surrounding cumulus cells using narrow glass capillaries (Harvard Apparatus, Holliston, MA; GC100 TF-10) in HEPES-buffered KSOM following treatment with hyaluronidase 2 h postinsemination. Unless otherwise specified, the concentration of cRNA used for microinjection was 1 mg/ml, which corresponded to the molar concentration of mRNA utilized to ensure the expression of the proteins sufficient for the detection on immunocytochemistry in the previous study [30] .
Preparation of the Major Satellite Probe
The mouse major satellite repeat sequence was amplified using genomic DNA from the tail of mice as a template, with KOD-plus-DNA polymerase. The amplified fragment was treated with Ex Taq DNA polymerase and cloned into pCRII TOPO vector. The primers used in the PCR amplification were OOGA ET AL. described previously [5] . A Dig-labeled major satellite DNA probe was prepared with PCR Dig labeling MIX (Roche, Basel, Switzerland; 1 585 550) using this vector as a template. The Dig-labeled probe was subjected to gel extraction and ethanol precipitation and then dissolved in formamide at a concentration of 2 ng/ll. Then the probe was diluted with an equivalent volume of 4% BSA containing 43 saline-sodium citrate (SSC) and stored at À208C until use.
FISH
The embryos were fixed and permeabilized in PBS containing 3.7% PFA and 0.2 % Triton X-100 for 40 min and then washed with 0.1% BSA/23 SSC. The washed cells were incubated consecutively in 0.1% Tween-20/23 SSC containing 10%, 20%, and 50% formamide for 5, 5, and 30 min, respectively. The cells were transferred into the probe solution (6 ll) against major satellite repeats and covered with mineral oil to avoid evaporation in the glass dishes. The cells and probe were denatured at 838C for 30 min, and then hybridization was performed at 378C overnight. 
Western Blotting
The cells transfected with the plasmids encoding Flag-DOT1LDC with or without double point mutations were lysed with 23 SDS sample buffer containing 8 M of urea and sonicated to reduce their viscosity. The samples were stored at À208C until use. Five micrograms of protein were loaded onto a lane and separated in a 15% acrylamide gel and then electrically transferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA). The membrane was blocked by culture with TBS (25 mM Tris-HCl and 150 mM NaCl, pH 7.6) containing 0.1% Tween-20 (TBS-T) and 5% BSA at room temperature for 60 min. After washing five times with TBS-T, the membranes were incubated with antibodies (anti-Flag: Sigma-Aldrich, catalog no. F1804, 1:1000 in 0.5% BSA/ TBS-T; anti-H3K79me2: Abcam, catalog no. ab3594, 1:1000 in 0.5% BSA/ TBS-T; anti-pan histone H3: Abcam, catalog no. ab1791, 1:8000 in 5% BSA/ TBS-T) at 48C overnight. After washing five times in TBS-T, the membranes were incubated with horseradish peroxidase-conjugated antibodies (anti-mouse IgG: 1:4000 in 0.5% BSA/TBS-T; anti-rabbit IgG: 1:4000 or 1:16 000 in 0.5% BSA/TBS-T) purchased from GE Healthcare Life Science (Buckinghamshire, U.K.). The antibodies bound to membranes were detected using the enhanced chemiluminescence prime Western blotting detection reagent (GE Healthcare Life Science; catalog no. RPN2232). Luminescence was detected using an LAS-1000 Plus LuminoImage analyzer (Fujifilm, Kanagawa, Japan).
Fifty two-cell-stage embryos that had been injected with cRNA encoding Flag-Dot1LDC with or without double point mutations were collected in 2 ll of KSOM-HEPES and added with 1.0 ll of extraction buffer [31] and 1.5 ll of 33 SDS sample buffer. The samples were incubated at 958C for 3 min and stored at À208C until use. Electrophoresis, blotting, blocking, and detection were conducted as described above with the following two exceptions: the antibody was diluted in immunoenhancer (Wako, Osaka, Japan) to increase signal intensity and 1-mm-width lanes in place of 3-mm-width lanes were used for electrophoresis to reduce the number of embryos used.
RESULTS
Expression of Dot1L mRNA and Protein in Oocytes and Preimplantation Embryos
Dot1L transcript expression was examined by RT-PCR using oligo-dT primer in oocytes and preimplantation embryos. The level of expression was almost identical between GV stage oocytes and one-cell-stage embryos. However, it decreased significantly at the two-cell stage and remained low at the fourcell stage (Fig. 1) . The expression level increased again at the blastocyst stage. It was reported that the efficiency of reverse transcription was affected by the length of poly (A) tail of transcripts when oligo-dT primer was used [32] . Therefore, we examined the amount of Dot1L transcript by RT-PCR using random hexamer. The results were similar to those in the experiments using oligo-dT primer (data not shown). These results confirmed that the amount of Dot1L transcript decreased at the two-cell stage. Immunocytochemistry with anti-DOT1L antibody revealed that the DOT1L protein was localized in the nuclei of growing and GV stage oocytes and one-cell-stage embryos but not in those of two-cell-stage embryos ( Fig. 2A) . A low level of DOT1L was observed at the four-cell stage; its level then increased prominently at the blastocyst stage. The specificity of the anti-DOT1L antibody was confirmed by adsorption test using the antigen peptide (Fig. 2B) .
FIG. 1. RT-PCR analysis of Dot1L expression during preimplantation development. A) Dot1L mRNA expression was examined by RT-PCR in germinal vesicle (GV) stage oocytes and preimplantation stage embryos.
Embryos at the one-cell, two-cell, four-cell, and blastocyst stages were collected 12, 28, 45, and 96 h after insemination, respectively. Six independent experiments were performed. A representative image of gel electrophoresis of RT-PCR products is shown. B) Quantification of the results of RT-PCR. The intensities of the bands on the electrophoresis were quantified. The values were normalized to rabbit a-globin used as an external control. The value of the GV stage oocytes was set at 1.0, and the values for other preimplantation embryos are expressed relative to this value. Bars represent standard deviations. Asterisks indicate the significant differences (P , 0.05; by Student t-test).
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DOT1L Nuclear Localization Was Suppressed in Two-CellStage Embryos
We have shown that Dot1L mRNA expression significantly decreased at the two-cell stage (Fig. 1) and that DOT1L protein was absent from the nucleus at this stage (Fig. 2) . These results suggested that the decrease of the transcript is associated with the absence of DOT1L protein in the nucleus. However, Dot1L transcript was still detected at a measurable level, which suggested that a considerable amount of DOT1L protein is present in the two-cell-stage embryos. Therefore, the decrease of Dot1L transcript did not seem to be enough responsible to cause the absence of DOT1L protein in the nucleus at the twocell stage. Thus, there may be a mechanism regulating the nuclear localization of DOT1L in preimplantation embryos, as it was reported that DOT1L-mediated H3K79 methylation is regulated by their nuclear localization [33] . To address this hypothesis, we examined subcellular localization of Flagtagged DOT1L (Flag-DOT1L) in the embryos. The cRNA encoding Flag-Dot1L was injected into one-cell-stage embryos 2 h after insemination, and then the Flag-tagged protein was detected by immunocytochemistry using an anti-Flag antibody. Although nuclear localization of Flag-DOT1L was evident at the one-and four-cell stages, it was barely detected at the twocell stage (Fig. 3A) . These results suggest that nuclear localization of DOT1L was suppressed at the two-cell stage. When GFP-tagged DOT1L was expressed in HEK 293T cells, it was detected in the nucleus in only 60% of the cells. However, C-terminus-truncated DOT1L was localized in the nuclei of .90% of the cells [34] . Therefore, we hypothesized that truncated DOT1L would be localized in the nuclei at the two-cell stage. To confirm this, we constructed Flag-tagged Cterminus-truncated Dot1L (Flag-Dot1LDC) and compared nuclear localization of Flag-DOT1L and Flag-DOT1LDC. The level of nuclear localization was assessed semiquantita-
FIG. 2. Immunocytochemistry of preimplantation embryos with anti-DOT1L antibody. A)
Oocytes and preimplantation embryos were immunostained with an anti-DOT1L antibody. GO and GV indicate the growing oocytes obtained from 13-day-old mice and full-grown oocytes at the germinal vesicle (GV) stage, respectively. Embryos at the one-cell, two-cell, four-cell, and blastocyst stages were collected 12, 28, 45, and 96 h after insemination, respectively. DNA was stained with DAPI. More than three independent experiments, in which more than 20 oocytes per embryos were observed, were conducted in the analysis for each stage of oocytes and preimplantation embryos. Similar results were obtained in each experiment, and representative images are shown. Bar ¼ 20 lm. B) The antibody was preincubated with (þ) or without (À) 0.5 lg/ml antigen peptide (Abcam; catalog no. ab71337) at room temperature for 1 h before the incubation with GV stage oocytes. DNA was stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). In four independent experiments, 28 (þ) and 33 (À) oocytes were examined, respectively. Similar results were obtained in each experiment and representative images are shown. Bar ¼ 20 lm.
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FIG. 3. Subcellular localization of Flag-DOT1L
and Flag-DOT1LDC during early preimplantation development. A) Embryos at the one-cell, two-cell, and four-cell stages that had been injected with cRNA encoding Flag-DOT1L were immunostained with anti-Flag antibody. Microinjections were performed at 2 h after insemination to analyze one-and two-cell-stage embryos. In the analysis of the four-cell-stage embryos, cRNA was injected into only a single blastomere of each two-cell-stage embryo at 30 h after insemination. Therefore, the Flag-DOT1L protein was detected in only two blastomeres at four-cell stage. Embryos at the one-, two-, and four-cell stages were collected 12, 28, and 45 h after insemination, respectively. As a control, embryos that had not been microinjected with cRNA were immunostained (no injection). Similar results were obtained in three independent experiments, and representative images are shown. DNA was stained with DAPI. Bar ¼ 20 lm. B) The two-cell-stage embryos that were microinjected with cRNA encoding Flag-tagged DOT1L (DOT1L) or C-terminus-truncated DOT1L (DOT1LDC) were immunostained with an anti-Flag antibody. Complementary RNAs encoding Flag-DOT1L and Flag-DOT1LDC were used at concentrations of 1 and 0.28 mg/ml, respectively, to equalize their molar concentrations. Thirty two-cell-stage embryos were analyzed in total for each Flag-DOT1L construct in the three independent experiments in which 6-12 embryos were used. Fluorescence intensity was quantified using the ImageJ software. The average value of Flag-DOT1L was set at 1.0 in each experiment, and the value of Flag-DOT1LDC was expressed relative to this value. Bar indicates standard errors. Asterisk indicates a significant difference between Flag-DOT1L and Flag-DOT1LDC (P , 0.001; by Student t-test). tively by measuring the fluorescence intensity by immunocytochemistry with the anti-Flag antibody. The intensity of Flag-DOT1LDC was significantly higher than that of Flag-DOT1L (Fig. 3B) . These results suggest that DOT1L nuclear localization was inhibited through its C-terminal domain at the two-cell stage. Taken together, a low expression level of the Dot1L transcript and suppression of nuclear localization of the DOT1L protein seemed to cause the absence of DOT1L in the nucleus of two-cell-stage embryos.
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Forced Expression of DOT1L Increased H3K79 Methylation in Two-Cell-Stage Embryos
We reported that H3K79 methylation is maintained at a low level during early preimplantation development [25] . In the present study, we have shown that DOT1L expression and nuclear localization was suppressed in two-cell-stage embryos ( Fig. 2A) . These results prompted us to examine whether the absence of H3K79me2 is caused by the absence of DOT1L in two-cell-stage embryos. Thus, we took advantage of the property of C-terminus-truncated DOT1L that was localized in the nuclei at the two-cell stage (Fig. 3B ) and has H3K79 methyltransferase activity [22] . We also constructed its catalytically inactive mutant (Flag-Dot1LDCmut) with double alanine substitutions at asparagine 241 and tyrosine 312, which are essential residues for the H3K79 methylation activity of DOT1L [35] . The forced expression of Flag-DOT1LDC but not Flag-DOTLDCmut increased the H3K79me2 level in HEK 293T cells, demonstrating that Flag-DOT1LDC but not FlagDOT1LDCmut had H3K79 methylase activity (Fig. 4A) . The cRNAs encoding Flag-Dot1LDC and Flag-Dot1LDCmut were microinjected into one-cell-stage embryos, and then their expression and nuclear localization in the two-cell-stage embryos was confirmed by immunocytochemistry using an anti-Flag antibody (Fig. 4B) . Immunoblotting also showed that comparable amounts of Flag-DOT1LDC and Flag-DOT1LDC-mut were expressed in two-cell-stage embryos (Fig. 4C) . Immunocytochemical analysis for H3K79me2 showed that H3K79me2 appeared in two-cell-stage embryos that were microinjected with Flag-Dot1LDC but not Flag-Dot1LDCmut or water as a control (Fig. 4B) . These results suggest that hypomethylation of H3K79me2 was caused by a low level of DOT1L in the nucleus at the two-cell stage. Intriguingly, nucleolar precursor bodies (NPBs) disappeared in embryos expressing Flag-DOT1LDC at the two-cell stage, although a single large NPB was observed in the nuclei of embryos expressing Flag-DOT1LDCmut ( Fig. 4B ; DNA stain).
Forced Expression of DOT1L Caused Precocious Formation of Chromocenters in Two-Cell-Stage Embryos
Pericentromeric heterochromatin consisting of major satellites with highly repeated sequences form clusters known as chromocenters in somatic cells. However, the major satellite repeats form the ring-like structures surrounding NPBs, and no chromocenter is observed during the one-and two-cell stages after fertilization [3, 10] . We evaluated the effect of ectopic expression of Flag-DOT1LDC on the distribution of major satellite repeats in the nuclei of two-cell-stage embryos to investigate the involvement of repressed Dot1L expression and/ or H3K79 hypomethylation in this specific heterochromatin configuration. FISH analysis, using a specific probe against major satellite repeats, showed that they formed ring-like structures surrounding NPBs in the nuclei of the control twocell-stage embryos expressing GFP (Fig. 5) . These fluorescence signals were not derived from GFP itself but from major satellite probes because no signal was detected when the fluorescence-labeled antibody was omitted from the FISH procedure (data not shown). The forced expression of Flag-DOT1LDC caused major satellites to form clusters, that is, chromocenter-like structures, in two-cell-stage embryos. Expression of Flag-DOT1LDCmut also resulted in the formation of chromocenter-like structures, indicating that these structures form independently of its H3K79 methylation activity. These results suggest that the absence of DOT1L is implicated in the specific heterochromatin configuration in two-cell-stage embryos independently of its H3K79 methylase activity.
Forced Expression of DOT1L Caused Developmental Arrest at the Two-Cell Stage
To determine whether the absence of DOT1L at the two-cell stage is essential for embryonic development, we examined the effect of forced expression of Flag-DOT1LDC in preimplantation development. The results showed that most of the embryos expressing the Flag-DOT1LDC or its catalytically inactive mutant were arrested at the two-cell stage and that only 1% and 4% of them, respectively, developed to the blastocyst stage (Fig. 6 ). Control embryos expressing GFP developed normally to the blastocyst stage (65%). These results suggest that the absence of DOT1L at the two-cell stage is essential for preimplantation development regardless of its H3K79 methylation activity.
DISCUSSION
In the present study, we examined the involvement of Dot1L in the regulation of low-level H3K79 methylation and the specific configuration of heterochromatin during early preimplantation development. We found that the Dot1L expression level was low at the 2-cell stage ( Figs. 1 and 2 ), and that DOT1L nuclear localization was suppressed at this stage (Fig.  3) . Forced expression of C-terminus-truncated DOT1L caused methylation on H3K79 and formation of precocious chromocenter-like structures in two-cell-stage embryos (Figs. 4B and 5). In addition, the expression of methyltransferase-deficient Cterminus-truncated DOT1L also induced the formation of a chromocenter-like structure. Embryos expressing truncated DOT1L after fertilization did not develop beyond the twocell stage even if methyltransferase activity was deficient (Fig.  6) . These results suggest that the absence of DOT1L, which is involved in low-level H3K79 methylation and the formation of the specific heterochromatin configuration at the two-cell stage, is necessary for early preimplantation development.
The specific configuration of heterochromatin caused by the absence of DOT1L seems to be important for the developmental potential of two-cell-stage embryos. Major satellite repeats are rearranged to associate with NPBs in somatic-cellnuclear-transferred (SCNT) embryos [8] . However, the percentage of the embryos that accomplished this rearrangement 
DOT1L IN PREIMPLANTATION EMBRYOS
was low, which may be implicated in the low success rate of somatic cell cloning [8, 36] . Treatment with trichostatin A (TSA), a potent inhibitor of histone deacetylase, improves the developmental potential of SCNT embryos [37, 38] . TSA treatment also improves the association between major satellite repeats and NPBs as well as the developmental potential of SCNT embryos [36] . Thus, it seems that the association of major satellites with NPBs is essential for embryonic developmental potential. We found that the level of DOT1L nuclear deposition was low in two-cell-stage embryos, in which major satellite repeats associated with NPBs (Fig. 2B) .
Forced expression of truncated DOT1L caused dissociation of major satellite from NPBs to form chromocenter-like structures (Fig. 5) and developmental arrest at the two-cell stage (Fig. 6) . Therefore, we suggest that the absence of DOT1L from the nucleus is essential for the formation of the stage-specific heterochromatin configuration and developmental potential in two-cell-stage embryos. Knockdown of human DOT1L (hDOT1L) using short hairpin RNA enhances the efficiency of reprogramming of differentiated somatic cells into induced pluripotent stem cells [39] , suggesting that DOT1L plays a role as a barrier during somatic cell reprogramming toward FIG. 5 . Fluorescent in situ hybridization (FISH) analysis of the major satellite repeat sequence in embryos expressing C-terminus-truncated DOT1L at the two-cell stage. Embryos were injected with cRNA encoding GFP, Flag-tagged C-terminus-truncated DOT1L (DOT1LDC), or its catalytically inactive mutant (DOT1LDCmut) at the one-cell stage and collected for FISH at the two-cell stage. Major satellite repeats were stained by DNA-FISH using the specific probe (green). DNA was stained with DAPI (gray). Arrows and arrowheads indicate chromocenter-like structures and nucleolus associating ring structure, respectively. Embryos expressing green fluorescent protein were used as the control. Bar ¼ 20 lm.
pluripotency. Therefore, the absence of DOT1L may be required for the maintenance of totipotency in two-cell-stage embryos.
DOT1L may be involved in the formation of chromocenters through its chromatin relocation activity and an H3K79 methylation-independent mechanism. The effects of forced expression of truncated DOT1L on heterochromatin configuration and preimplantation development were also observed in embryos expressing the catalytically inactive mutant, suggesting that DOT1L has a function other than as a H3K79 methyltransferase (Figs. 4B and 5 ). The yeast DOT1 (yDOT1) is anchored to a telomere that induces the relocation of the telomere from the nuclear periphery to the internal nucleus area by an H3K79 methylation-independent mechanism [40] . Major satellites are associated with NPBs during the one-and two-cell stages in preimplantation embryos [3] . However, they are dissociated from NPBs and assembled to form chromocenters in the nucleoplasm after the two-cell stage. Thus, DOT1L may be anchored to major satellites to form chromocenters.
Although we have suggested that the absence of DOT1L is involved in the formation of the ring-like structure of heterochromatin in two-cell-stage embryos, this structure is also observed in one-cell-stage embryos in which DOT1L was localized in the nucleus (Fig. 2) . Thus, we hypothesized that DOT1L does not bind to the chromatin in one-cell-stage embryos, which led us to conduct immunocytochemistry in which embryos were fixed with PFA containing Triton X-100. In this experiment, the protein, which does not bind to chromatin, was removed from the nucleus during fixation [41] . However, DOT1L was still detected in the pronuclei of onecell-stage embryos, suggesting that DOT1L is bound to the chromatin in these embryos (data not shown). DOT1L requires histone H2B ubiquitination (ubH2B) to execute its methyltransferase activity [22, [42] [43] [44] . It is also possible that its heterochromatin remodeling activity depends on ubH2B. Interestingly, ubH2B was at a low level only at the one-cell stage during preimplantation development (Ooga and Aoki, unpublished data). Therefore, heterochromatin remodeling may not occur even in the presence of DOT1L due to the low level of ubH2B at the one-cell stage.
